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Abstract: The effects of Zn addition on the microstructure and mechanical properties of Mg—10Gd—3Y—0.6Zr (wt.%) alloys in the
as-cast, solution-treated, and peak-aged conditions were investigated. Experimental results reveal that the microstructure of the
as-cast alloy without Zn consists of a-Mg and Mg,4(Gd,Y)s phases, and the alloy with 0.5 wt.% Zn consists of a-Mg, (Mg,Zn);(Gd,Y)
and Mgy(Gd,Y,Zn)s phases. With the addition of Zn increasing to 1 wt.%, the Mgy (Gd,Y,Zn)s phase disappears and some
needle-like stacking faults distribute along the grain boundaries. Moreover, the 18R long-period stacking ordered (LPSO) phase is
observed in the as-cast alloy with 2 wt.% Zn. After solution treatment, the Mg,4(Gd,Y)s and Mg,4(Gd,Y,Zn)s eutectic phases are
completely dissolved, and the (Mg,Zn);(Gd,Y) phase, needle-like stacking faults and 18R LPSO phase all transform into 14H LPSO
phase. Both the suitable volume fraction of 14H LPSO phases and the fine ellipsoidal-shaped 4’ phases make the peak-aged alloy
with 0.5 wt.% Zn exhibit excellent comprehensive mechanical properties and the UTS, YS and elongation are 338 MPa, 201 MPa

and 6.8%, respectively.
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1 Introduction

Light weight magnesium (Mg) alloys are of great
potential to be used in the aerospace, biomedical devices
and automotive industries for their low densities, good
damping capacity, distinct strength, and excellent
machinability [1-5]. However, the poor mechanical
properties, such as low yield and tensile strength have
restricted their extensive applications. Recently, Mg
alloys containing rare-earth (RE) elements have received
much attention. In all of the Mg—RE alloys, the most
prominent alloys are Mg—Gd—Y-Zn series. The
Mg—Gd—Y—Zn series alloys usually possess excellent
mechanical properties at both ambient and elevated
temperatures due to the combined effects of the
formation of the long-period stacking ordered (LPSO)
and f' phases during heat treatment. In Mg—8.2Gd—
3.8Y-1.0Zn—-0.4Zr (wt.%) alloy, high ultimate tensile

strength (UTS) of about 517 MPa, yield strength (YS) of
426 MPa and elongation of 4.5% were obtained by hot
rolling and aging [6]. WANG et al [7] developed a
high-strength Mg—8.40Gd—5.30Y—1.65Zn—0.59Mn (wt.%)
alloy with UTS of 500 MPa, YS of 322 MPa and
elongation of 10.0% after hot extrusion and aging.

The LPSO phase was first reported in
Mg—Zn—Zr—Y alloy, called X phase by LUO and
ZHANG [8]. The Mg—RE—Zn alloys with RE/Zn molar
ratio in the range of 1-3 can form LPSO phases in the
process of casting or annealing [9—11]. Different authors
have proposed different types of LPSO structures in the
Mg—RE—Zn series alloys, including 6H, 10H, 14H, 18R
and 24R [12—14]. It is widely known that the mechanical
properties of the Mg—RE—Zn alloys can be improved
significantly by the LPSO phases. KAWAMURA
et al [15] fabricated a Mgy;Zn;Y, (at.%) alloy, which
exhibited superior mechanical properties with UTS
of about 610 MPa and elongation of 5%, by rapidly
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solidified powder metallurgy.

While some alloys can achieve high strength, they
cannot simultaneously exhibit high strength and good
ductility. Accordingly, balancing the strength and
ductility of cast Mg alloy is a critical concern for
engineering applications. The proper control of the
morphology, size, volume fraction and distribution of the
reinforced phase is of great significance to the
optimization of the mechanical properties of the alloys.
Alloying is a relatively simple and effective method. In
the present work, Mg—10Gd—3Y—xZn—0.6Zr (x=0, 0.5, 1
and 2, wt.%) alloys were produced using the method of
water-cooled steel crucible casting ingot processing. The
evolution of microstructure and mechanical properties
from the as-cast to the solution-treated and aging-treated
conditions were systematically examined. The effects of
Zn element on the formation of the stacking faults and
LPSO phases, age hardening behaviors and mechanical
properties were investigated. The effects of the LPSO
and f’ phases coexisting together on the mechanical
properties of Mg—Gd—Y—Zn—Zr alloys were discussed.

2 Experimental

The alloy ingots with nominal compositions of
Mg—10Gd—3Y—xZn—0.6Zr (x=0, 0.5, 1 and 2, wt.%,
indentified as A, B, C and D, respectively) were melted
from pure Mg and Zn, Mg—30%Gd, Mg—30%Y and
Mg—30%Zr master alloys. Melting was conducted in an
medium frequency induction heating furnace using a
small steel crucible with a diameter of 98 mm under the
protection of Ar atmosphere at 780 °C. The melt was
cooled in water after adequate stirring. The ingots were
solution-treated at 520 °C for 8 h followed by an
immediate water quenching. Artificial ageing process
was carried out at 220 °C in order to investigate the age
hardening behaviors with different ageing time.

The chemical compositions of the alloys were
determined by inductively coupled plasma spectroscopy
and are listed in Table 1. The microstructures of the
as-cast and solution-treated specimens were observed by
using an optical microscope (OM). Phase analysis were
conducted using a Rigaku D/MAX2500PC X-ray
diffractometer with a copper target at scanning angles
from 20° to 90° and scanning speed of 5 (°)/min. The
morphology and elemental composition of the specimens
were determined by using scanning electron microscopy
(SEM, SUS5000) equipped with an energy dispersive
spectroscopy (EDS). The detailed microstructures of the
samples were further analyzed using a transmission
electron microscope (TEM, JEM—2100F) operated at an
accelerating voltage of 200 kV. The average grain size
and the volume fraction of second phases were measured
by analyzing the optical micrographs with the Image Pro

Table 1 Chemical compositions of cast Mg—Gd-Y—Zn—Zr
alloys (wt.%)

Chemical composition

Mg Gd Y Zn Zr
A Mg-10Gd—3Y-0.6Zr  Bal. 10.033.04 0 0.63
B  Mg—10Gd—-3Y—-0.5Zn—0.6Zr Bal. 10.10 2.98 0.53 0.61
C
D

Alloy  Nominal composition

Mg—-10Gd—-3Y—-1Zn—-0.6Zr Bal. 10.053.05 0.98 0.59
Mg-10Gd—3Y—-2Zn—0.6Zr Bal. 10.133.12 2.03 0.60

Plus software. At least 300 grains were counted for each
alloy.

Tensile tests of above mentioned alloys were
performed at a crosshead speed of 1.5 mm/min,
according to the relevant standard of using cylindrical
specimen with marked dimension of 25 mm in gauge
length and 5 mm in diameter. All tensile tests were
carried out on a Zwick/Roell Z020 tensile testing
machine. An average of three measurements was used.
The fracture surfaces were analyzed by SEM.

3 Results

3.1 Microstructures of as-cast alloys

Figure 1 shows the microstructures of the as-cast
alloys using OM and SEM, respectively. The
microstructure of the as-cast alloys consists of equiaxed
a-Mg and amounts of eutectics distributing along the
grain boundaries discontinuously, as shown in Figs. 1(a),
(c), (e) and (g). The higher magnification microstructures
of the as-cast alloys obtained by SEM are shown in
Figs. 1(b), (d), (f) and (h). With increasing content of Zn,
the grain size decreases and the volume fraction of the
eutectic phases increases. In as-cast alloys A (Fig. 1(b))
and B (Fig. 1(d)), the bright gray eutectic compounds
distribute in grain boundaries in the form of island shape.
However, in as-cast alloys C (Fig. 1(f)) and D (Fig. 1(h)),
the most of the eutectic phases mainly distribute along
the grain boundaries with a hollow-out skeleton
morphology.

Figure 2 shows the XRD patterns of the as-cast
alloys. It is observed that the alloy A is mainly composed
of a-Mg and Mg,4(Gd,Y)s phase. However, in the alloy
B, the microstructure is mainly composed of a-Mg,
Mgy4(Gd,Y,Zn)s and (Mg,Zn);(Gd,Y) phases. In addition,
the Mg»(Gd,Y)Zn phase (LPSO phase) in the alloys C
and D notably appear and the Mgy4(Gd,Y,Zn)s phase
completely disappeared. The intensity of the diffraction
peaks for (Mg,Zn);(Gd,Y) and Mg,(Gd,Y)Zn phases are
strengthened with increasing the amount of Zn addition.

Figure 3 shows the magnified SEM images of the
secondary phase in the as-cast alloys, and the
corresponding EDS results are summarized in Table 2.
Combined with the XRD results, it is inferred that the
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Fig. 1 Optical (a, c, e, g) and SEM (b, d, f, h) images of as-cast alloys: (a, b) Alloy A; (c, d) Alloy B; (e, ) Alloy C; (g, h) Alloy D

island-shaped phases in alloys A and B are mainly
composed of Mgy (Gd,Y)s and Mg,4(Gd,Y,Zn)s phase,
respectively. The hollow-out skeleton phase (marked by
arrows C and E in Fig. 3), which was mainly found in

alloys C and D, consists of (Mg,Zn);(Gd,Y) phases. The
volume fraction of the (Mg, Zn);(Gd,Y) phase
distributing along the grain boundaries increased
gradually with increasing Zn content. In addition, some
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Fig. 2 XRD patterns of as-cast alloys A, B, C and D

needle-like phases can be observed along with the
hollow-out skeleton phase in the alloy C. Furthermore,
some gray block-shaped phases (marked by arrow D in
Fig. 3(d)) are observed in the alloy D, attached to the
bright phases. The gray block-shaped phase has a
composition with RE/Zn ratio of about 1, and mainly
consists of Mg;»(Gd,Y)Zn phase (LPSO phase).

Figures 4(a) and (b) show the bright-field TEM
image and SAED pattern (B//[1 150]0,) of the needle-like
phase in as-cast alloy C and the LPSO phase in as-cast
alloy D. The needle-like phases (Fig. 4(a)) with a width
of several nanometers are parallel to each other. The light
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streaks appeared between diffraction spots of a-Mg in
SAED patterns, demonstrating that these line contrasts
are stacking faults on (0001), basal planes, which is
consistent with reports that the simultaneous additions of
Y and Zn elements could decrease the stacking fault
energy of a-Mg phase on basal plane [16,17]. The LPSO
phase (Fig. 4(b)) in as-cast alloy D consists of numerous
parallel fine stripes. It is obvious from the corresponding
SAED patterns that five extra diffraction spots occur at
the intervals between (0000);5x and (0018);sr spots,
which further demonstrates that the 18R LPSO phase
(a=0.325nm and ¢=3.694 nm) [18,19] exists in the
as-cast alloy D.

3.2 Microstructures of solution-treated alloys

Figure 5 shows the optical and SEM images of the
solution-treated alloys. Compared with as-cast alloys, the
grain size increased and the volume fraction of the
eutectic compounds decreased after solution treatment,
especially alloys A and B. Figure 6 shows the grain size
of as-cast and solution-treated alloys. It can be seen that
the increment of grain size between the as-cast and the
solution-treated alloys decreases with the increase of Zn
content, while further increasing the Zn content to
2 wt.%, the solution treatment has a negligible influence
on grain size. As shown in Figs. 5(a) and (b), only some
cuboid-shaped phases and grain boundaries can be
observed, indicating that the eutectic compounds in

JIOjOLinwl

Fig. 3 Magnified SEM images of secondary phase in as-cast alloys: (a) Alloy A; (b) Alloy B; (c) Alloy C; (d) Alloy D
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Table 2 EDS elemental analysis results of phases in as-cast
alloys in Fig. 3

Point in wt.% at.%

Fig3 Mg Gd Y Zn Mg Gd Y Zn
A 65292890 581 — 91.51 626 223 -

61.99 27.84 576 4.41 89.18 6.19 2.26 2.36

57.21 29.24 582 7.73 8642 6.83 2.41 4.34

68.82 17.60 539 8.19 9048 3.58 1.94 4.00

52.24 3278 6.45 853 83.93 8.14 2.83 5.10

m o O w

Fig. 4 Bright-field TEM image and corresponding SAED
pattern (B//[1120],,) of needle-like phase in as-cast alloy C (a)
and LPSO phase in as-cast alloy D (b)

as-cast alloy A have been fully dissolved. Combined
with XRD patterns of the solution-treated alloys given in
Fig. 7, the dissolution of the Mgyy(Gd,Y)s phase is
further confirmed. However, in the other three alloys,
some gray phases are observed to distribute along the
grain boundaries. Interestingly, several lamellar phases
possessing different orientations in different grains are
found to grow parallel with one another from the grain
boundaries to the grain interior in the solution-treated
alloy C, as shown in Figs. 5(e) and (f). XRD patterns of
the solution-treated alloys exhibited peaks corresponding
to only a-Mg and Mg,(Gd,Y)Zn (LPSO phase), without
any other eutectic phase. Therefore, the volume fraction
of LPSO phases in the solution-treated alloys detected by
Image Pro Plus software is shown in Fig. 8. It is
observed that the volume fraction of the LPSO phases
increases with increasing content of Zn from 0% to 3.4%,
16.5% and 31.9%. Moreover, it is observed from Fig. 5
that the number density of the cuboid-shaped phases

decreases with increasing Zn content. The cuboid-shaped
phases with size of 0.8—4 pum mainly distribute at the
grain boundary. Combined with the EDS results given in
Table 3, the cuboid-shaped phases can be identified as a
compound with high contents of the Gd and Y elements.
Suitable quantities of cuboid-shaped phases can improve
the strength of the alloy, but excessive amounts will lead
to the stress concentration near the grain boundary and
reduce the mechanical properties [20]. In addition, EDS
results of the points B and C show that the bulk-shaped
and lamellar-shaped LPSO phases have an average
composition of Mg—3.28Gd—1.93Y-5.25Zn and Mg—
3.87Gd—2.31Y—4.57Zn (at.%), respectively.

Figure 9 shows the bright-field TEM image and the
corresponding SAED pattern (B//[1 150]0() of LPSO
phases in the solution-treated alloy C. The corresponding
SAED pattern indicates extra weaker spots located at the
positions of n/14 (where n is an integer) of (0002) a-Mg
diffraction. This implies that the LPSO phases are
14H LPSO phases. It can be concluded that the
Mg,4(Gd,Y,Zn)s, (Mg,Zn);(Gd,Y), stacking faults and
I8R LPSO phases in as-cast alloys
transformed into the 14H LPSO phases after solution
treatment.

completely

3.3 Aging behaviors of solution-treated alloys and
microstructures of peak-aged alloys

Figure 10 shows the age hardening behaviors of the
solution-treated alloys at 220 °C, and the standard
deviation is given in parenthesis following the value of
peak hardness. The solution-treated alloys A, B and C
exhibit an obvious age hardening response, while the
alloy D displays little ageing hardening behavior. The
value of the hardness of the solution-treated alloy A is
HV 82, and the hardness increases obviously in 0—10 h,
and then reaches a peak hardness of HV 124 after 16 h. It
is found that the solution-treated alloy B exhibits an
obvious hardening response in 0—20 h, with a best peak
hardness of HV 127 obtained at 36 h. The peak hardness
of the solution-treated alloy C is obtained after 58 h, with
a value of HV 115. However, the solution- treated alloy D
does not have an obvious increase in hardness because it
contains a large amount of Zn element. The value of the
hardness of the solution-treated alloy D is HV 85, and
then peak hardness is obtained after 123 h, with a value
of HV 91.

The optical microstructures of peak-aged alloys are
similar to those of solution-treated alloys and the grain
size does not change during ageing treatment. Figure 11
shows the bright-field TEM image and corresponding
SAED pattern of the peak-aged alloys. The SAED
pattern of the [ZTTO](Z zone axis shows that the extra
diffraction spots locate at 1/4(TOT0)a , 1/2(TOT0)a
and 3/4(TOT0)a. Such a diffraction feature indicates
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Fig. 5 Optical (a, c, e, g) and SEM (b, d, f, h) images of solution-treated alloys: (a, b) Alloy A; (¢, d) Alloy B; (e, f) Alloy C;

(g, h) Alloy D

that the ellipsoidal shaped precipitates are ' phases with
a bco structure, and the crystal parameters of this phase
are: a=0.64 nm, »#=2.22 nm and ¢=0.52 nm, which is
consistent with reports [21,22]. The density of
ellipsoidal shaped p' phases decreases obviously with

increasing Zn content. The average sizes of f' phases in
peak-aged alloys A, B, C and D are about 9, 12, 43 and
78 nm in thickness, and 45, 64, 184 and 207 nm in
diameter, respectively. It is suggested that the average
sizes of this phase increase with increasing Zn content.
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Fig. 7 XRD patterns of solution-treated alloys A, B, C and D
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Table 3 EDS elemental analysis results of cuboid-shaped
phases and LPSO phases in solution-treated alloys in Fig. 5

Point in wt.% at.%

Fig5 Mg Gd Y Zn Mg Gd Y Zn

A 49.72 30.83 19.44 — 83.14 797 889 -
B 67.86 16.08 5.36 10.70 89.53 3.28 193 5.25
C 6646 18.62 579 9.13 8942 387 2.13 457
D 4515 2836 2592 0.57 79.44 7.71 1247 0.37

0014
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Fig. 9 Bright-field TEM image and corresponding SAED
pattern (B//[1120],) of LPSO phase in solution-treated
alloy C
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Fig. 10 Age hardening behavior of solution-treated alloys A, B,
C and D during aging at 220 °C

Figure 12 shows the bright-field TEM image and
corresponding SAED pattern (B//[llfO]a) of LPSO
phase accompanied by ' precipitates in peak-aged alloy
C. The 14H LPSO phases do not change during aging
treatment. The S’ precipitates extend perpendicularly to
the 14H LPSO phases. Both the 14H LPSO phases and
the fine ellipsoidal shaped ' phases endow the peak-
aged Mg—Gd—Y-Zn—Zr alloys with good mechanical
properties.

3.4 Mechanical properties

A comparison with typical mechanical properties of
the four alloys in different conditions is presented in
Fig. 13. The as-cast alloy B shows better mechanical
properties than other three as-cast alloys, and the values
of the UTS, YS and elongation are 224 MPa, 142 MPa
and 5.1%, respectively. The mechanical properties of
these alloys are improved after solution treatment,
especially elongation. The solution-treated alloy C shows
the optimal mechanical properties, and the values of UTS
and YS are about 253 MPa and 168 MPa, respectively,
with a good elongation of 18.2%. Compared with the
as-cast alloy C, the UTS is improved by 37 MPa, and the
increment of elongation is up to 13.6%. The tensile
strengths of the solution-treated alloys A, B and C are



Zhi-bing DING, et al/Trans. Nonferrous Met. Soc. China 29(2019) 722—734 729

Fig. 11 Bnght ﬁeld TEM images and correspondlng SAED pattern (B8//[21 10],) of f' precipitates in peak-aged alloys: (a) Alloy A;
(b) Alloy B; (c) Alloy C; (d) Alloy D

Fig. 12 Bright- ﬁeld TEM images and correspondmg SAED pattern (B//[1120],) of LPSO phase accompamed by ' precipitates in
peak-aged alloy C
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Fig. 13 Mechanical properties of as-cast, solution-treated and peak-aged alloys: (a) Ultimate tensile strength; (b) Yield strength;
(c) Elongation
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greatly improved after peak aging treatment. Both UTS
and YS of peak-aged alloy A are improved significantly,
with values of 329 and 194 MPa, respectively. The
peak-aged alloy B has the highest mechanical properties,
with UTS and YS reaching 338 MPa and 201 MPa,
respectively, and an elongation of 6.8%. However, the
alloy D with high Zn content has less age hardening
response, and the values of the UTS, YS and elongation
are 274 MPa, 169 MPa and 5.4%, respectively.

Figure 14 shows the SEM micrographs of the
fracture surfaces of as-cast, solution-treated and peak-
aged alloys A, B, C and D. The fracture surfaces of
as-cast alloys A, C and D show large cleavage planes,
tear ridges and few dimples, exhibiting typical brittle
fracture. Similar morphology of fracture surfaces is
observed in the solution-treated alloy D and peak-aged

alloys A and D. A large number of plastic dimples and
tear ridges are observed in the fracture surfaces of as-cast
alloy B and solution-treated alloys A, B and C, showing
typical ductile fracture, which denotes that they have
relatively good ductility, in accordance with the tensile
results. In addition, some secondary cracks can be
observed in the peak-aged alloys B, C and D, which
indicates that the precipitation of the ellipsoidal shaped
f' phases in the peak-aged alloys can lead to remarkable
decrease of tensile ductility. Moreover, tensile fracture
surface of the peak-aged alloy B is shown in Fig. 15,
which indicates that some cracked particles are cuboid-
shaped phases with high content of the RE elements.
This suggests that the cuboid-shaped phases can cause
stress concentration and act as nucleation sites for the
crack initiation during the tensile deformation.

Fig. 14 SEM images of tensile fracture surface of as-cast (a, d, g, j), solution-treated (b, e, h, k) and peak-aged (c, f, i, 1) alloys:

(a, b, c) Alloy A; (d, e, ) Alloy B; (g, h, i) Alloy C; (j, k, 1) Alloy D
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(b) Mg Element wt.% at.%
Mg 42.69 78.11
Y 21.40 10.71
Gd 3331 9.42
Zn 2.59 1.76
ad
Y
Zn v GdGd
) A A(id* /n 7Zn
0 2.6 52 7.8 104

E/keV

Fig. 15 Magnified SEM image and EDS analysis result of
tensile fracture surface of peak-aged alloy B

4 Discussion

The as-cast alloy A is composed of a-Mg and
Mg»4(Gd,Y)s, while the second phases in the alloy B are
Mgy(Gd,Y,Zn); and (Mg,Zn);(Gd,Y) phases. The
(Mg,Zn);(Gd,Y) and Mg»(Gd,Y)Zn second phases are
observed in the alloys C and D. Moreover, the
needle-like phases in the alloys C and D are proven to be
stacking faults rather than LPSO phases, and the 18R
LPSO phases are noticed only in the alloy D. It can be
summed up that there is a transformation in the four
as-cast alloys following the order of Mgy (Gd,Y)s —
Mgy4(Gd,Y,Zn)s + (Mg,Zn);(Gd,Y) — (Mg,Zn);(Gd,Y)+
Mg2(Gd,Y)Zn + stacking faults — (Mg,Zn);(Gd,Y) +
Mg2(Gd,Y)Zn + stacking faults + 18R LPSO with the
increase of Zn content. It has been reported that the
simultaneous additions of Y and Zn elements can
decrease the stacking fault energy, and -effectively
promote the formation of stacking faults [16,17]. In
addition, the stacking faults are first formed in the alloy
with 1 wt.% Zn content, whereas 2 wt.% Zn content
leads to the formation of stacking faults as well as 18R
LPSO phases. The stacking fault can cause weak extra
streaks or spots in SEAD patterns, which is similar to
10H, 14H and 18R LPSO phases [18,23,24]. It is
indicated that the formation of LPSO phases is related to
not only stacking sequence ordered but also chemical
composition ordered.

After solution treatment, the Mgy,(Gd,Y)s eutectic

compounds in the alloy A have been fully dissolved, and
only some small cuboid phases and grain boundaries can
be observed. The stacking faults, Mgy4(Gd,Y,Zn)s,
(Mg,Zn);(Gd,Y) and 18R LPSO phases in as-cast
Mg—Gd-Y—Zn—Zr alloys are transformed into 14H
LPSO phases, which is consistent with reports [25—27].
The 14H LPSO phase is a high temperature stable phase,
obtained after 520 °C, 8 h solution treatment, which can
significantly prevent the movement of dislocations and
growth of grain boundaries, and the grain size decreases
from 134.3 to 46.5 pm with the increase of 14H LPSO
phase from 0% to 31.9%. It is noteworthy that the
addition of 0.5 wt.% Zn can dramatically lead to the
formation of 3.4% volume bulk 14H LPSO phases.
Several lamellar 14H LPSO phases possessing different
orientations in different grains are found to grow parallel
with one another from the grain boundaries to the grain
interior in the solution-treated alloy C, which suggests
that the lamellar LPSO phases have specific orientation
relationship with the a-Mg matrix crystals. The bulk 14H
LPSO phases mainly distribute at grain boundaries,
while the lamellar 14H LPSO phases are often
precipitated in the a-Mg matrix and close to the grain
boundaries. HUANG et al [28] reported that the
morphologies of two 14H LPSO phases change
dynamically under different solution treated conditions,
and the lamellar 14H LPSO phase precipitates in the
grain interior when the solution treatment temperature is
above 350 °C.

The variation of the mechanical properties with Zn
content must be related to the evolution of the
microstructures discussed above. The strengthening
mechanisms for cast Mg—RE(—Zn)—Zr alloys in
different conditions may typically be divided into:
second phase strengthening, solid solution strengthening,
grain boundary strengthening and precipitation
strengthening [29—-31]. The hollow-out skeleton-shaped
(Mg,Zn);(Gd,Y) phase acts as the main second phase
strengthening in the as-cast alloys. XU et al [32] reported
that the (Mg,Zn);RE phase with a finer net-shape can
improve the strength, but the severely coarsened
net-shaped (Mg,Zn);RE phases are more sensitive to the
stress concentration. Namely, the present result is
consistent with these investigations. The alloy B shows
the optimal mechanical properties in the as-cast
condition.

The mechanical properties of these alloys are
improved after solution treatment, especially elongation,
even if the grain size increases obviously. The solution-
treated alloy A has the largest grain size, so only solid
solution strengthening contributes to the mechanical
properties. The RE elements are dissolved in the a-Mg
matrix, and the grains are strengthened by solid atoms,
resulting in more cracking resistance to the grains [33].
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The alloy C exhibits optimum mechanical properties in
the solution treated condition, and the values of UTS, YS
and elongation are 253 MPa, 168 MPa and 18.2%,
respectively. Its good performances, especially ductility,
are attributed to the second phase strengthening of 14H
LPSO phase and solid solution strengthening. The RE
elements can easily combine with Zn to form the LPSO
phase in the Mg—RE—Zn—Zr alloys, which leads to the
decrease of RE elements dissolved into the matrix, and
the effect of solid solution strengthening is greatly
reduced. The 14H LPSO phase has higher elastic moduli
and Vickers hardness, which can significantly prevent the
movement of dislocations and improve the mechanical
properties of Mg—RE—Zn—Zr alloys [7,13,28]. Therefore,
the strengthening effect of 14H LPSO phases in the
solution-treated alloys is superior to the other
strengthening  mechanisms, especially for the
enhancement of ductility. In addition, the lamellar 14H
LPSO phases have a significantly smaller average size
than the block-shaped LPSO phases, which can improve
the mechanical properties of the alloy C more
effectively [28]. However, the coarse LPSO phases lead
to a decrease in mechanical properties, such as the alloy
D in solution-treated condition.

From Fig. 10, it can be suggested that the aging
responses of these alloys decrease with increasing Zn
addition. The reason for this is that the content of RE in
the supersaturated matrix decreases with increasing Zn
addition, and the precipitation of S’ phases decreases
accordingly, as shown in Fig. 11. There is a competitive
demand for RE atoms between the formation of 14H
LPSO phase and f' precipitates. The ellipsoidal-shaped
' phases exhibit a semicoherent structure with a-Mg,
which can effectively inhibit the slipping of the base
plane [22]. These precipitates can reduce the spacing
between the particles and effectively enhance the
dispersion strengthening. The tensile strength of the
solution-treated alloys A, B and C are greatly improved
by the precipitation strengthening of f’ phases. In the
peak-aged alloy A, only precipitation strengthening
contributes to the mechanical properties, and the UTY
and YS are increased by 106 and 46 MPa, respectively.
However, the f' precipitates are coherent with matrix,
which may produce precipitates shearing mechanism,
leading to an inhomogeneous distribution of slip and
reducing the elongation [34]. It is suggested that the /'
phases are good to tensile strength while bad to plasticity.
ZHENG et al [35] reported that the ' precipitates and
LPSO phases can form an intercalated structure, and the
spatial interaction between £ and LPSO can hinder the
coarsening of both £’ and LPSO phases. Both the suitable
volume fraction of 14H LPSO phases and the fine
ellipsoidal-shaped p’ phases make the peak-aged alloy
with 0.5 wt.% Zn exhibit excellent comprehensive

mechanical properties and the UTS, YS and elongation
are 338 MPa, 201 MPa and 6.8%, respectively.

5 Conclusions

(1) The microstructures of the as-cast alloy without
Zn consists of a-Mg and Mgy (Gd,Y)s phases. The alloy
with 0.5 wt% Zn is mainly composed of a-Mg,
Mgy(Gd,Y,Zn)s and (Mg,Zn);(Gd,Y) phases. With the
addition of Zn increasing to 1 wt.%, the Mg,4(Gd,Y,Zn)s
phase disappears and some needle-like stacking faults
distribute along the grain boundaries. The 18R LPSO
phase is observed in the as-cast alloy with 2 wt.% Zn.

(2) The Mgyu(Gd,Y)s phases are completely
dissolved, and the Mgy(Gd,Y,Zn)s, (Mg,Zn);(Gd,Y),
needle-like stacking faults and 18R LPSO phases all
transform into the 14H LPSO phases during solution
treatment. With increasing content of Zn to 0.5, 1 and
2 wt.%, the grain size and the number density of the
cuboid-shaped phases decrease, and the volume fraction
of the 14H LPSO phases increases from 0% to 3.4%,
16.5% and 31.9%.

(3) The ductility of the solution-treated alloys is
improved significantly compared with that of as-cast
alloys. The solution-treated alloy with 1 wt.% Zn
containing several lamellar 14H LPSO phases shows the
optimal mechanical properties, and the UTS, YS and
elongation are 253 MPa, 168 MPa and 18.2%,
respectively.

(4) The density of ellipsoidal-shaped p' phase
decreases obviously with increasing Zn content, and the
average size of this phase is significantly increased. Both
the suitable volume fraction of 14H LPSO phases and the
fine ellipsoidal-shaped f’ phases make the peak-aged
alloy with 0.5 wt.% Zn exhibit excellent comprehensive
mechanical properties and the UTS, YS and elongation
are 338 MPa, 201 MPa and 6.8%, respectively.
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Zn R INxtEE1E Mg—Gd-Y-Zr &4 4H4R 50
NFEMRERIE N
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LoHdbRey: MPRER: S TR, KJE 0300515
2. ke ML RSB, KB 030051
3. School of Mechanical, Materials and Mechatronic Engineering,

University of Wollongong, Wollongong, NSW 2522, Australia

7 B R Zo WIS Mg—10Gd-3Y—0.6Zr(wt.%) & & 7R85 25 [V ARG I 008 N A A 2UR0 24 PR RE R 2
SLIGGERRW], AE Zn WSS EH a-Mg Ml Mgyu(Gd,Y)s HHZLR, T8 0.5 wt% Zn KIS E4H o-Mg.

(Mg,Zn)3(Gd,Y) Rl Mgy4(Gd,Y,Zn)s #HAL K. B Zn S &EIEINE] 1 wt.%, Mgou(Gd,Y,Zn)s AHTH R, —LekiRMESRZE
B . IeAh, 5 2 wt% Zn MBS EE&TUEET] 18R BRI, BEVALLIEE, Mguw(Gd,Y)s il
Mg,y(Gd,Y, Zn)s L AHSE AT, (Mg,Zn)y(Gd,Y) M EFIRHESZEERT 18R B B LS AAH I E6 00 14H BIK
WSS . T SRR S B 14H B A A S5 A AR R/ N TR BR AR B/ AR 3R R IR 7 B 280 TR & 0.5 wit.% Zn A4 AR
RIGEEI1MERE, ZEEMIPUhiERE . i IR A K2 41 5 338 MPa. 201 MPa 1 6.8%.
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